Introduction
The ability to fix nitrogen is widely distributed zontally transferred among microorganisms (Ruvkul among representatives of the eubacteria, methanogens, and Ausubel 1980; Normand and Bousquet 1989; Mu1 and halobacteria (Young 1992) . Nitrogenase is an en-lin and An 1990). Others believe that nitrogenase is al zyme complex consisting of two components: dinitroancient enzyme (Kleiner et al. 1976) and that the ni genase, the molybdenum-iron protein, which is an a& genes evolved by vertical descent (e.g., Hennecke et al tetramer encoded by nifD and niflu, respectively, and 1985) .
dinitrogen reductase, the iron-containing protein, a homodimer encoded by n$H. Ruvkun and Ausubel ( 1980) were the first to demonstrate that the nifgenes of evolutionary-diverse diazotrophs are remarkably conserved. Such conservation, coupled with the fact that the capacity to fix nitrogen was thought to be uncommon yet widely dispersed among the major bacterial groups, led some to hypothesize that nzxgenes have been hori- genes horizontally from a proteobacterium. The case has also hinged on the absence of nitrogen fixation in many eubacterial clades (Normand and Bousquet 1989) .
However, Young ( 1992) argued that the NifH tree of Normand and Bousquet ( 1989) does not provide clear support for the horizontal transfer of nifrr, noting ( 1) that the crucial branches on the nifH tree are not defined unambiguously; (2) that if the Clostridium n$H is paralogous to the other n&H genes analyzed, then it may be the aberrantly placed sequence, not the Frankia sequence; and (3) that the G+C contents of the n$H genes match the rest of the genomes in which they are found and not the G+C contents of the hypothesized donor lineage.
Nonetheless, the subsequently published NifH tree of Normand et al. ( 1992) does provide some support for horizontal transfer: the FrankialAnabaena branch lies within the proteobacterial clade with bootstrap support of 80%. Normand et al. ( 1992) provided an additional test of the horizontal transfer hypothesis by examining the phylogeny of another nf gene, n$D.
Unfortunately, the NifD phylogeny lacks resolution, although at face value it is essentially the same as the 16s rRNA topology. If the NifH tree supports horizontal transfer, the NifD tree does not. Given the lack of corroboration of the NifH tree by the NifD tree, and with reports of nitrogen fixation in an increasing wider range of bacteria, especially among other thallobacteria (high-G+C gram-positives), Normand et al. ( 1992) recanted their earlier position and suggested, in accord with Young ( 1992) , that vertical descent is the most likely explanation for the distribution of nifgenes among bacteria and that the unexpected aspects of the NifH tree may be due to the confounding effects of paralogous comparisons.
Despite the conclusions of Young ( 1992) and Normand et al. ( 1992) , the position of Frankia and Anabaena in the nifH tree still requires explanation (as also does the position of the P-proteobacterium Thiobacillus within the a-proteobacterial clade). As noted by Normand et al. ( 1992) , the lack of signal in the NifD tree renders the lack of conformation of the NifH tree by the NifD tree of little significance. Here we address nif gene phylogeny with a phylogenetic analysis of a third and longer nifgene, n$K. No bona fide nifK sequences from the crucial taxon Frankia were to be found in the database, so we sequenced nifK from Frankia strain HFPCcI3 and subjected the deduced amino acid sequence to phylogenetic analysis.
Material and Methods Clones and Vectors
We used pUC19 and pUC 119 (Stratagene) as cloning vectors. Plasmid pFQ 167 contains the nifHDK genes of Frankia strain CeD and was provided by P.
Simonet ( University of Lyon I ) .
Preparation of DNA and Hybridizations
Plasmid DNA was prepared according to established procedures (Sambrook et al. 1989) . Total DNA from Frankia strain HFPCcI3 was isolated as described previously (Reddy et al. 1992) . The DNA was digested with restriction enzymes, subjected to electrophoresis, and blotted onto Nytran membranes (Schleicher and Schuell) or GeneScreen Plus (New England Nuclear) according to the manufacturers' protocol. Hybridizations were performed using a radioactively labeled probe made either by nick translation or with an Oligo-Labeling kit (Pharmacia). Washes were done under stringent conditions as described in Sambrook et al. ( 1989) . A partial restriction map was made of pAR2 and used to generate smaller subclones of the n$K region in pUCl19.
Sequencing
Initial sequencing was done using a Sequenase kit (USB) and 35S-dATP (NEN). DNA fragments were separated on an 8% (or 5%) wedge polyacrylamide gel (BRL) in the presence of 7 M urea (Sanger et al. 1977 ) . Instead of dideoxynucleotides, we used 7-deaza-2 '-nucleotides as well as PCR-based sequencing with a fmolsequencing kit (Promega) because the high G+C content of the DNA often led to unresolvable compressions. Synthetic oligonucleotides were used as primers as necessary to generate a complete sequence of n$K. Both strands were completely sequenced. For PCR sequencing, reactions were performed on an Ericomp Easy-Cycler thermal cycler. Samples were incubated 2 min at 95°C and then given 30 cycles of 95°C for 30 s followed by 70°C for 30 s.
Sequence Analysis
All available complete niflv sequences were analyzed. Evolutionary comparisons were based on deduced amino acid sequences ( fig. 1 ) to reduce the artifacts caused by the high G+C content of Frankia, which is especially high at third codon positions (Normand and Bousquet 1989) . Frankia strains have a G+C content ranging from 66% to 75% (Fernandez et al. 1989) . Multiple-sequence alignment was performed by the multialignment program CLUSTAL (Higgens and Sharp 1988) , followed by refinement by eye.
The deduced amino acid sequences were subjected to maximum-parsimony analysis using PAUP version 3.0s (Swofford 1992) using branch and bound to find the most parsimonious tree. The aligned amino acid sequences were also analyzed using several distance methods provided in PHYLIP 3.5~ (Felsenstein 1993 amino acid sequences were first converted to distances by PROTDIST using either Dayhoff's ( 1979) PAM 00 1 matrix ( Dayhoff distances) or Kimura's ( 1983 ) approximation of the Dayhoff distances (Kimura distances):
where p is the fraction of amino acids that differ between two species. The generated distance matrices were then subjected to Saitou and Nei's ( 1987) neighbor-joining (NEIGHBOR) and to the least squares methods provided in FITCH, with the value of P set to 0.0 (the method of Cavalli-Sforza and Edwards 1967), 1 .O, and 2.0 (the method of Fitch and Margoliash 1967) .
Bootstrapping ( Felsenstein 1985 ) was performed for each analysis. For the parsimony analyses, branchand-bound searches were made using PAUP ( 100 pseudoreplicates were performed). For the distance analyses, 100 pseudoreplicate amino acid sequence datasets were generated by SEQBOOT in PHYLIP, followed by the conversion of those 100 datasets to distances according to the two methods outlined above using PROTDIST. These pseudoreplicate distance matrices were then analyzed by NEIGHBOR, and the consensus trees were computed using CONSENSE.
Trees were rooted using either the Methanococcus thermolithotrophicus nifKgene, the only noneubacterial sequence analyzed ( Woese 1987 (Young 1992; Chien and Zinder 1994) .
Results

Isolation of Clones and Sequencing of nifK from Frankia Strain HFPCcI3
Plasmid pFQ 167, which contains the nz$HDK genes of Frankia strain CeD ) was used for Southern hybridizations against total DNA isolated from Frankia strain CcI3. A single 5.6-kb BamHI fragment that hybridized to the pFQ167 insert was detected in the Cc13 genome. A partial genomic library was made in pUC 19 from Cc13 BamHI-restricted DNA fragments of 5-9 kb. The plasmid pAR2 was isolated from the library on the basis of its hybridization to pFQ 167. Plasmids pAR2 and pFQ 167 nifregions were shown to have similar restriction patterns (not shown). As in other Frankias (see review by Simonet et al. 1990 ), the nzfHDK genes of Frankia strain Cc13 are contiguous and located on the Frankia chromosome.
The Frankia Cc13 nzfK nucleotide sequence (GenBank U01238) ranges from a low of 55.5% sequence identity to the Klebsiella pneumoniae nzfK to a high of 62.5% sequence identity to the Anabaena nzfK, indicating that the nzfK genes are sufficiently conserved at the DNA level that they will hybridize; this was the strategy used by Ruvkun and Ausubel ( 1980) to demonstrate that nzf genes were conserved among evolutionarily diverse diazotrophs. Previously, Simonet et al. ( 1988) indicated on the basis of DNA hybridization that there is low sequence similarity between K. pneumoniae and Frankia nzfK. Our sequence data confirm their findings.
The nucleotide composition of the Frankia Cc13 nzfK gene is highly skewed toward G+C; 9 1.5% G or C occurs in the third codon position, similar to the average for the entire genome. The only exception is in amino acids 10 through 53, which exhibit 67% A or T in the third position. This stretch of amino acids also shows minimal similarity with all the other N termini of the diazotrophs studied.
The protein-coding region of nzfK is 1,356 nucleotides long, including the stop codon, and encodes a polypeptide of 45 1 amino acids. A potential ribosomal binding site ( RBS), the tetranucleotide sequence GAGG, is just upstream of the initial nzfK ATG (Shine and Dalgarno 1974 ). An intergenic region of 57 nucleotides exists between the start of nzfK and the end of nzfD. Regions difficult to align, eliminated before phylogenetic analysis, are indicated by the horizontal lines. Amino acids that are identical to the reference taxon are indicated by a period and gaps are indicated by a dash; #, the three cysteine and serine residues of the p subunit involved in the P-cluster pair , ? refers to sequences that are not known. Abbreviation names and sources: He, Klebsiella pneumoniae (Arnold et al. 1988) ; Fat, "Frankia" FaCl = Klebsiella pneumoniae (Lignon and Nakas 1988); Azo, Azotobacter vinelandii (Brigle et al. 1985) ; Thi, , Thiobacillus ferrooxidans (Rawlings 1988) ; Rhi, Parasponium Rhizobium (Weinman et al. 1984) ; Brj, Bradyrhizobium japonicum (Kaluza and Hennecke 1984) ; Azb, Azospirillum brasilense (Passaglia et al. 199 1) ; Ana, Anabaena sp. (Mazur and Chui 1982) ; Ccl, Frankia strain HFPCcI3, this study; Clo, Clostridium pasteurianum (Wang et al. 1988) ; Azvn, A. vinelandii vnjK (Joerger et al. 1990 ); Acvn, A. chroococcum vnf (Robson et al. 1989) ; Azan, A. vinelundii anf (Joerger et al. 1989) ; Met, Methanococcus thermolithotrophicus (Souillard and Silbold 1989 All are based on complete sequences, except the nzjYK of Methanococcus thermolithotrophicus, where only 237 nucleotides were available in the database. Gaps were introduced by eye to maximize the alignment of the sequences. The three cysteine residues and the serine of the p subunit that are involved in the P-cluster pair and conserved among the various taxa are indicated ( fig. 1) .
Very little amino acid sequence similarity between Frankia and the other diazotrophs was observed in the first 52 amino acids of the Frankia Cc13 NifK. Particularly striking is the almost-complete absence of the first 70 amino acids in the Clostridium pasteurianum deduced NifK compared with Frankia, Anabaena, and the proteobacterial NifK sequences. In this amino terminal end, large gaps also occur in the sequences of the Azotobacter vinelandii, A. chroococcum vnf Ks (both vanadium based), the A. vinelandii anfK (Fe-only based), as well as in the M. thermolithotrophicus n.$K.
The rest of the sequence was generally easy to align, except for sites 222-236 and 243-253, which, along with the first 57 amino acids, were eliminated from the phylogenetic analyses ( fig. 1 ) . For most of the other regions that show length variation, it is almost always the alternative NifKs that contain amino acids that the rest of the diazotrophs lack ( fig. 1 ).
Phylogeny of NifK: Parsimony
Initially, parsimony analysis was performed on the complete sequences with M. thermolithotrophicus used as the outgroup. Two trees were generated; one rooted to Clostridium, the other to A. brasilense (asterisks in fig. 2 ). However, because of the extensive length variation in the amino terminus of NifK, we eliminated amino acid positions 1 through 57 from all taxa ( fig. 1) . This meant the elimination of almost half the available M. thermolithotrophicus sequence. For this reason, M. thermolithotrophicus was removed from all subsequent analyses, and the alternative Nif polypeptides (deduced from the Azotobacter vinelandii and A. chroococcum vnf Ks, and the A. vinelandii anfK> were used as the outgroup.
The most parsimonious tree found with the removal of the 57 amino terminal amino acids and the regions that were difficult to align ( fig. 2 ) was identical to the tree rooted on Clostridium found with the complete sequences. This tree ( fig. 2) shows five distinct groups. The proteobacterial cluster (Stackebrandt et al. 1988) , supported by 7 1% of the bootstrap replicates, is divided into two distinct subgroups. One subgroup, supported by 100% of the bootstrap replicates and consisting of y- proteobacteria, includes the A. vinelandii NifK and the NifKs from K. pneumoniae and FaC 1. The nucleotide sequence of FaC 1 was originally published as a Frankia sequence (Lignon and Nakas 1988), but this is now known to be the result of contaminating K. pneumoniae DNA (Lignon and Nakas 1990). It is still listed in the database as a Frankia nifK sequence, however. The second proteobacterial subgroup, supported by 59% of the bootstrap replicates, consists of Parasponium Rhizobium, Bradyrhizobium japonicum, Thiobacillus ferrooxidans, and A. brasilense NifKs. This clustering of Thiobacillus, a P-proteobacterium, with members of the a-proteobacterial Rhizobiaceae is supported by 64% of the bootstrap replicates. However, if Frankia, or Clostridium, or both are removed from the analysis, the most parsimonious tree yields a monophyletic a-proteobacteria. We also note that the last 100 amino acids of Thiobacillus are highly divergent from all other sequences ( fig. 1) . However, exclusion of sites 428-528 from the parsimony analysis does not change the topology of the shortest tree or affect the bootstrap values appreciably. The inclusion of this P-proteobacterial genus with the a-proteobacteria group is also seen in the NifH trees (Normand and Bousquet 1989; Normand et al. 1992) .
The Frankia and Anabaena NifKs form successive sister groups to a monophyletic proteobacterial group (supported by 100% and 8 I%, respectively, of the bootstrap replicates). The Clostridium NifK, the other grampositive bacterium included in this study, is the sister group to all other eubacterial sequences, with 100% bootstrap support.
Phylogeny of NifK : Distance Analyses
The shortest tree obtained with the distance analyses depended on the specific analysis performed. The phylogeny computed with the Kimura distances gave the same topology as the most parsimonious tree ( fig.  2 ), whether these distances were analyzed with NEIGH-BOR or FITCH (P = 0.0 or 2.0). However, a tree very similar to the NifH tree of Normand et al. ( 1992) was found when the Dayhoff distances were used; with NEIGHBOR and FITCH (P = 1 .O, or 2.0)) the Dayhoff distance tree was essentially the same as the NifH tree of Normand et al. (fig. 3 ). With FITCH (P = O.O), Frankia and Anabaena are still most closely related to the a-and P-proteobacteria, but in this tree, Frankia is the sister group to an Anabaena/a+P-proteobacterial clade.
Phylogeny of NifH
Normand and Bousquet ( 1989) and Normand et al. ( 1992) only analyzed the complete array of NifH sequences with distance methods, although Normand and Bousquet ( 1989) did perform parsimony analyses on a quartet of taxa, including Anabaena, Frankia, Klebsiella, and Clostridium. However, if the Clostridium sequence is paralogous to the others (Young 1992; Chien and Zinder 1994) , then the analysis, with just one orthologous representative from the cyanobacteria, proteobacteria, and gram-positive bacteria, has no bearing on hypotheses of horizontal transfer.
Given that our analyses of NifK with different methods produced different trees and that these trees were consistent either with horizontal transfer or with vertical descent, we wondered whether NifH might also produce different topologies under a wider range of methods of analysis. Hence, we undertook a parsimony analysis of the complete array of NifH amino acid sequences. Difficult to align regions were eliminated (sites 115-l 17 and 273 to the C-terminal end on Normand and Bousquet's [ 19891 alignment) , although inclusion of these regions did not change the topology of the shortest tree. The most parsimonious tree obtained is identical to the trees of Normand and colleagues ( 1989, 1992) (fig. 4 ). (Note that there is a discrepancy in the branch lengths between the NifH trees reported in Normand and Bousquet [ 19891 and Normand et al. [ 19921 ; the latter's branches are too short by about a factor of three, unless the branch lengths are number of replacements per 100 sites.) Discussion Review of the Case for and against Horizontal Transfer of nifGenes Verification of horizontal transfer is difficult, but perhaps the most crucial component in establishing horizontal transfer is that the phylogeny of the sequences thought to be transferred should conform to a conventional phylogeny except for the radically aberrant position of one member or group (Smith et al. 1992) . Using the 16s rRNA phylogenies of Woese ( 1987) , Olsen and Woese ( 1993) , and Olsen et al. ( 1994) as standards, the Normand and Bousquet ( 1989) NifH tree has three unanticipated features: ( 1) Frankia is grouped with the cyanobacterium Anabaena and not with the other firmicute, Clostridium; (2) this FrankialAnabaena clade lies within the proteobacterial clade; and (3) the P-proteobacterium Thiobacillus lies within the a-proteobacteria clade.
Young ( 1992) gives three major reasons for arguing that the NifH tree of Normand and Bousquet ( 1989) does not provide clear support for the horizontal transfer of nifrr. First, the crucial branches on the NifH tree are not defined unambiguously, and, with different algorithms, different NifH trees were obtained. The difficulties associated with assessing the robustness of molecular phylogenies is discussed below. However, it is noted that the fact that different analyses of the NifH data by Normand and Bousquet ( 1989) gave different results is not a concern in this instance. The methods (UPGMA and PHYLIP's KITSCH) that gave different results from all other analyses both assume that sequence evolution has occurred according to a molecular clock. Perusal of the phenograms of Normand and Bousquet ( 1989) and Normand et al. ( 1992) suggests this is not the case. The difficulty is that both UPGMA and KITSCH will often recover the wrong tree if the underlying data have not evolved according to a clock (see Marshall 1992a ). Young's ( 1992) second argument against horizontal transfer is that the Clostridium nfH sequence may be the aberrantly placed sequence, not the Frankia sequence if it is a paralog of the other n$H genes analyzed. If the Clostridium n$H sequence is a paralog, then the support for the separation of Clostridium from the rest of the Eubacteria analyzed is to be expected and does not provide support for horizontal transfer. However, this does not explain inclusion of Frankia and Anabaena within the proteobacterial clade, or the inclusion of the P-proteobacterium
Thiobacillus within the a-proteobacterial clade. Young's ( 1992) third argument against horizontal transfer is that the G+C contents of each of the n$H genes match the rest of the genomes in which they are found, and not the G+C contents of the hypothesized donor groups. This certainly argues against a very recent horizontal transfer. But how recent is recent? Estimates of the rate of conversion of a set of 290 third positions (the number in nifH) from being entirely A+T rich to highly G+C rich can be made. If it is assumed that there is no selective advantage to having a G+C-rich third position, but that observed high G+C richnesses (e.g., in Frankia) are due to substitution biases toward G+C, then, using the binomial distribution, it can be shown that 290 substitutions will, on the average, convert a set of entirely A+T-rich third positions to about 63% G+C and that a 97% enrichment would occur with approximately 1,000 substitutions. Given a bacterial neutral substitution rate (=mutation rate, p) of 0.7 to 0.8 X lo-* substitutions/site/year (Ochman and Wilson 1987) , it would take about 145 million yr to get a 63% enrichment in G+C and about 500 million yr to see an enrichment of 97% G+C. These time periods are loner. but not that long if one considers that the maior Frunkia HFPCcI3 n(fK Gene 23 bacterial groups may have diverged >3,500 MYA (Schopf 1993) . If there was even a slight selection pressure toward G+C enrichment (say, with a selection coefficient [s] of 0.0001 ), and if the population sizes (N) were on the order of 109, then 63% G+C enrichment could occur in as little as 50,000 yr (the time taken to acquire 290 substitutions at a substitution rate of K = Nsp, where K = the substitution rate under selection [equation modified from Lewontin ( 1974) ) to take into account haploid genomes] . These calculations are simplistic, but they show that the G+C signature test, as Young ( 1992) implies, lacks power. This is especially true for the specific hypothesis of horizontal transfer implied by the nifH tree. Note, if the horizontal transfer occurred from a proteobacterium to the ancestor of Frankia and Anabaena, and Frankia later acquired its G+C-rich signature after it diverged from its common ancestor with the cyanobacteria, then there is little to explain-the G+C contents of the proteobacteria and cyanobacteria are essentially identical.
While Young seriously undermined the case for nifH horizontal transfer, the nifH tree of Normand et al. ( 1992) does provide some support for horizontal transfer: the Frankia/Anabaena branch lies within the proteobacterial clade with bootstrap support of 80% and the P-proteobacterium lies within the a-proteobacterial clade with a 99% bootstrap support. Unfortunately, Normand et al.'s ( 1992) test of the horizontal-transfer hypothesis by examining the phylogeny of another nif gene, nifo, lacks resolution, and the NifD tree will not be considered further.
Note that the combining of the NifH and NifD data makes little sense in the context of testing the hypothesis of horizontal transfer. Insofar as they give different topologies, it either suggests that one of the other genes underwent horizontal transfer or that one or both datasets are contaminated with phylogenetic noise.
On the Significance of Bootstrap Values
The identification of horizontal transfer clearly requires well-supported phylogenies. The crucial question is, When is the position of the aberrantly placed group significant? Typically bootstrap values are used to assess robustness of individual nodes on a phylogen;. Thus, for example, the 80% support for the inclusion of the Frankia / Anabaena clade within the proteobacteria in the NifH tree (Normand et al. 1992) offers some support for horizontal transfer. Hillis and Bull ( 1993 ) and Felsenstein and Kishino ( 1993) have discussed the relationship between bootstrap values and the familiar P values of statistics. Hillis and Bull show that in simulations that the interpretation of bootstrap values as P values often underestimates the true support for a node.
For example, for groups with bootstrap support of 85%, greater than 95% may actually be supported. These arguments suggest that the support for the unusual placement of Frankia and Anabaena is probably stronger than the 80% bootstrap value might suggest.
However, the generalizations made by Hillis and Bull ( 1993) are based on simple models of sequence evolution (e.g., no site-to-site variation in rates of sequence evolution, no substitution biases, fixed transversion/ transition ratios). In any situation where a method of inference is likely to be inconsistent, that is, where the chances of getting an incorrect tree increases with increasing amounts of data, the bootstrap values are difficult to interpret. They may simply measure the degree of spurious support generated by the evolutionary process that produced the sequences (see Raff et al. [ 19941 for a review) . For example, an 18s rRNA parsimony phylogeny of amniotes (Hedges et al. 1990 ) has an 88% bootstrap support for an unexpected bird /mammal clade, very strong support indeed by the Hillis and Bull ( 1993) criterion. However, it was demonstrated that there was extensive lineage-specific substitution bias in the sites that had varied, and reanalysis with a weighted parsimony algorithm removed the mammals from the top of the tree, to the bottom (Marshall 1992b ). The bootstrap value in this case was primarily measuring the very strong contribution of taxon-specific substitution biases and elevated rates of substitution (but no more than is apparent in the nifgene trees) and not the strength of the phylogenetic signal. Further analysis by Van de Peer et al. ( 1993) indicates that the 18s rRNA molecule has site-to-site variation in substitution rates spanning three orders of magnitude. By breaking the molecule up into five classes based on the rate of change and correcting each separately for multiple hits, they were able to recover an amniote phylogeny (with mammals at the bottom, not the top of the tree) completely concordant with morphological and paleontological evidence.
For molecules with long histories and highly conserved functions, it is likely that there has been great heterogeneity in the rates that sites have evolved, as well as episodes of substitution bias, rate changes, and so on. In these cases, bootstrap values may not measure the accuracy or reliability of the derived phylogeny; all they provide is a measure of the relative strengths of the conflicting signal in the dataset (Marshall 1992b) . Some of that signal may be due to history, but it is also likely that some, perhaps much of it, will be artifact created by substitution bias, the proximity of long branches to short branches, and site-to-site variation in rates of substitution. The 80% bootstrap support for the Frankia/ Anabaena clade within the proteobacterial clade is certainly tantalizing evidence of horizontal transfer of that gene, but without further corroboration, it remains little more.
Orthology, Paralogy, Reference Phylogenies, and Tests of nifHorizonta1 Transfer Given the sequences at hand, what is the range of topologies that would provide evidence for horizontal transfer among the nifgenes? Clearly, a prerequisite for demonstrating horizontal transfer is that orthologous genes are compared (although, of course, paralogs make excellent outgroups). There is now strong phylogenetic evidence (Chien and Zinder 1994) that the n$H of Clostridium is paralogous to the other nifH genes analyzed by Normand et al. ( 1992) . Thus, the position of the Clostridium NifH, as argued by Normand et al. ( 1992) and Young ( 1992) , is of little significance to the hypothesis of the horizontal transfer of the nzjYH genes analyzed to date.
There is also strong phylogenetic evidence that the nzjYD sequence of the gram-positive Clostridium is paralogous to the other eubacterial nifD sequences analyzed by Normand et al. ( 1992) (Chien and Zinder 1994 For the remaining taxa for which presumed orthologous nifgenes have been sequenced, there is surprisingly little known about their relationships, and thus there are relatively few topologies that would be viewed as being sufficiently aberrant to warrant hypothesizing horizontal transfer. For example, the relationships between the three major groups, the cyanobacteria, proteobacteria, and gram-positives are not well understood (see below). Hence, any of the three ways of grouping these taxa would not seem aberrant in a nif gene tree. bacteria with more than one taxon represented should be monophyletic. What then do the Nif trees have to tell us about the possibility of horizontal transfer of the nifgenes?
Taken at face value, the parsimony and Kimura distance NifK trees ( fig. 2) provide support for vertical descent of the nifsenes, while the Dayhoff distance trees ( fig. 3) provide support for horizontal transfer. However, in the bootstrap analysis performed for each phylogenetic analysis, support was found for both hypotheses. For example, while the most parsimonious tree provides 7 1% bootstrap support for a monophyletic proteobacteria, 29% of the bootstrap trees do not have a monophyletic proteobacteria. Accordingly, while the best Dayhoff distance tree supports horizontal transfer, 27% of the bootstraps support a monophyletic proteobacteria and vertical descent of nifK.
It is interesting to note that, while there is support for the P-proteobacterium Thiobacillus lying within the a-proteobacterial clade, there is also 35% bootstrap support for a monophyletic a-proteobacterial clade ( Thiobacillus lies outside the three a-proteobacteria) in the parsimony analysis and a 3% and 3 1% support for that group in the Dayhoff and Kimura distance analysis, respectively. It is also interesting that there is no bootstrap support for a monophyletic Frankia / Anabaena clade in the parsimony analysis (although there is 20% support for Anabaena lying within the proteobacteria and 12% support for Frankia lying within the proteobacteria), while there is 40% and 15% support for this grouping in the Dayhoff and Kimura distance analyses, respectively.
Parsimony analysis of NifH provided support for horizontal transfer in accord with the distance analyses of Normand et al. ( 1992) . However, in the bootstrap analyses, there is also some support for vertical descent of the NifH orthologs. In the parsimony analysis, there was 16% support, while in the Kimura distance analysis there was 10% support for a monophyletic proteobacterial clade. However, there was virtually no support for a monophyletic a-proteobacterial clade; in only 7% of the bootstrap replicates in the parsimony analysis, and in only 2% of replicates in the Kimura distance analysis did the P-proteobacterium fall outside the a-proteobacterium clade. Bootstraps were not performed using Dayhoff distances.
In summary, the NifK data provide support for either vertical descent or horizontal transfer, depending on the method of analysis. The NifH sequences provide stronger support for horizontal transfer, although there is some signal in the sequence that supports vertical descent. The NifD tree of Normand et al. ( 1992) has insufficient resolution to add substantially to the question of whether, and to what extent, the nifgenes have been horizontally transferred. Note that none of the trees that support horizontal transfer deviate grossly from topologies expected under the hypothesis of vertical descent: all can be converted to a tree consistent with vertical descent by interchanging just one or two adjacent nodes. To resolve the evolutionary relationships of the nifgenes, sequences need to be obtained from a considerably wider range of diazotrophs. There also needs to be development of methods to determine whether sequences have dramatically different site-to-site nucleotide substitution rates, substitution biases, and so on, and phylogenetic methods need to be developed to handle these cases.
Rooting the Eubacterial Tree
The relationships between the three major eubacterial lineages, the cyanobacteria, the proteobacteria, and the gram-positives are not firmly established. For example, the 16s rRNA sequences give different roots (fig. 5) depending on the taxa included. Figure 1 of Olsen and Woese ( 1993) provides perhaps the most accurate 16s rRNA tree of the three groups-an unresolved trichotomy. One of the few other genes sequenced from sufficient taxa to bear on the relationships of these three eubacterial groups is the glutamine synthetase 1-p gene (GSI-0) (Brown et al. 1994) ) although different analyses provide different roots ( fig. 5 ) .
The NifK sequences offers one of the best opportunities to establish the relationships among the major nitrogen-fixing eubacterial lineages, although a larger database is desirable. If nifK evolved by vertical descent, then the present data provide evidence for the cyanobacteria and proteobacteria being sister groups ( fig. 5 ). On the basis of parsimony tree ( fig. 2 ) , there is 8 1% bootstrap support for this topology; this is also the tree with the strongest support from GSI-P. 16s rRNA (Olsen et al. 1994) CYANOBACTERIA GRAM-POSITIVES (NifK) GSI-P (Brown et al. 1994: MP) FIG. 5.-Position of the root for the three eubacterial lineages suggested by four phylogenetic studies. The NifK is enclosed in parenthesis to emphasize that vertical descent is not the favored hypothesis in all analyses. Brown et al. (1994) presented two trees, a maximum parsimony tree (MP, 97% bootstrap support for the root shown) and a neighbor-joining tree (NJ, 60% bootstrap support for the root shown), for the glutamine synthetase (GS) genes. The relevant portions of their trees are based on the GSI-P member of the family.
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